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A B S T R A C T
The partition behavior of glycomacropeptide (GMP) was determined in polyethylene glycol (PEG) and
sodium citrate aqueous two-phase systems (ATPS). It was found that the partitioning of GMP depends on
PEG molar mass, tie line length, pH, NaCl concentration and temperature. The obtained data indicates
that GMP is preferentially partitioned into the PEG phase without addition of NaCl at pH 8.0. Larger tie
line lengths and higher temperatures favor GMP partition to the PEG phase. Furthermore, it was veriﬁed
that PEG molar mass and concentration have a slight effect on GMP partition. The increase in the molar
mass of PEG induces a reduction of the protein solubility in the top PEG rich phase, being shown that the
use of PEG1500 is beneﬁcial for the extraction of GMP. A protein recovery higher than 85% was obtained
in the top phase of these systems, clearly demonstrating its suitability as a starting point for the
separation of GMP.
 2009 Elsevier Ltd. All rights reserved.
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Glycomacropeptide (GMP) comprises the 64 amino acids in
the hydrophilic C-terminal portion of k-CN. This peptide is
formed by the chymosin (or pepsin) cleavage of k-casein
between Phe105–Met106 during the manufacture of cheese
[1,2]. Next to b-lactoglobulin and a-lactalbumin, GMP is the
most abundant protein/peptide in whey proteins with typical
concentrations between 20% and 25% [1]. In recent years, an
increasing number of studies show that GMP may exert
important biological activities. The literature has highlighted
the ability of GMP to bind cholera and Escherichia coli
enterotoxins, to exhibit growth-promoting effects on biﬁdobac-
teria, to suppress gastric secretion and to inhibit viral or
bacterial adhesion to intestinal epithelia cells [1,3]. This explains
the growing interest in developing techniques for the isolation
and puriﬁcation of GMP. Thus, as an alternative to the ﬁrst
puriﬁcation step of GMP, a puriﬁcation process based on
aqueous two-phase systems (ATPS) was proposed.
Aqueous two-phase extraction has been used since the mid-
1950s as a mild separation method of wide applicability in
biochemistry, cell biology and biotechnology [4]. An ATPS is
formed when two water-soluble polymers, such as polyethylene
glycol (PEG) and dextran, or a polymer and a salt are dissolved in
water beyond a critical concentration at which two immiscible* Corresponding author. Tel.: +55 31 3899 2229; fax: +55 31 3899 2208.
E-mail address: jcoimbra@ufv.br (J.S.R. Coimbra).
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doi:10.1016/j.procbio.2009.06.016phases form [5]. PEG–salt ATPS have certain advantages over PEG–
dextran systems such as low viscosity and lower cost [6]. PEG has
been combined with sodium citrate to form ATPS, due to citrate’s
characteristics as a biodegradable and nontoxic compound.
PEG + citrate salts form environmentally safe ATPS, which are
more suitable for the extraction of biological materials [7].
ATPS have several advantages in comparison with conventional
methods for the isolation and puriﬁcation of proteins such as low
cost, nontoxic, the possibility of application on a large scale and the
short time required for reaching equilibrium [8]. The selective
distribution of ATPS constituents may be affected by different
factors like the nature and size of the biocompound, molecular
structure and chain size of the polymer, type of salt, pH, initial
composition of the system and temperature [9,10]. Thus, the goal
of thiswork is to perform a preliminary study about the partition of
GMP using the PEG–sodium citrate system. Relevant parameters
such as pH, polymer molar mass, tie line length, NaCl addition and
temperature which affect the partitioning behavior of the protein
were investigated.
2. Materials and methods
2.1. Chemicals
Glycomacropeptide (GMP) was a kind gift from Davisco Foods International
(USA), with purity greater than 83% (w/w). Polyethylene glycol (PEG), with average
molar masses of 1500, 2000 and 4000 (PEG1500, PEG2000 and PEG4000), were
purchased from Synth (Brazil), Riedel de Haen (Germany) and Isofar (Brazil),
respectively. Sodium citrate was obtained from Synth (Brazil). All chemicalswere of
analytical grade and the polymer and salts were used without further puriﬁcation.
Ultrapure water for the experiments was obtained from aMilli-Q system (Millipore
Inc., MA, USA).
Fig. 1. Inﬂuence of pH on GMP partitioning in PEG1500–sodium citrate ATPS at
different NaCl concentrations. 0.0 M (~), 0.1 M (&), and 0.5 M (^). Temperature:
25 8C.
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Biphasic systems were prepared with a mixture of PEG (1500, 2000, and 4000)
and sodium citrate. To prepare ATPS, stock solutions of PEG 50% (w/w), sodium
citrate and water were mixed to obtain a total system composition in accordance
with the phase diagrams obtained in the literature [7,11]. Sodium citrate was
employed by weighing the solid form; the desired pH (6.0, 7.0 or 8.0) of the ATPS
was adjusted by the addition of sodium hydroxide or citric acid. All systems were
prepared in graduated centrifuge tubes with a total phase systemmass of 10 g. The
amount of GMP added to the systems was 20 mg, and it was the last added
component. For the systems with sodium chloride, the powdered salt was directly
dissolved into the systems, to achieve concentrations of 0.1 or 0.5 M. Each system
was then centrifuged at 2000  g for 20 min, at 25 8C, and transferred to a
thermostatic bath where the mixture was allowed to settle for 12 h at the
operational temperature (25.0, 35.0, and 45.0)  0.1 8C to obtain clear phase
separation and to reach equilibrium. After reaching equilibration, estimates of the
volumes of top and bottom phases were made in graduated centrifuge tubes. In order
to determine the concentration of proteins in each of the co-existing phases, separate
samples from both the top and bottom phases were collected using a syringe. The tie
line length (TLL) was calculated according to Eq. (1):
TLL ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½DPEG2 þ ½DSalt2
q
(1)
where [DPEG] and [DSalt] are the differences between the concentration of PEG and
salt in the top and bottom phases expressed as a percentage (w/w). And the slope of
the tie line (STL) was calculated by:
STL ¼ DPEG
DSalt
(2)
2.3. Determination of the protein partition coefﬁcient (Kp)
The partition coefﬁcient (Kp) was deﬁned as the ratio between [P]top and
[P]bottom, where [P]top and [P]bottom are the equilibrium concentrations of the
partitioned protein in the PEG and sodium citrate rich phases, respectively. The
partition experiments were carried out in duplicate and the average results are
reported. To select the ATPS with the best capability of purifying GMP, the recovery
percentage (y, %) in the top phase was calculated according to Eq. (3):
yð%Þ ¼ 100
1þ ð1=RK pÞ (3)
where the phase volume ratio (R) is deﬁned asVT/VB; where VB and VT are the bottom
and top phase volumes, respectively. It is generally desirable to recover the target
protein in the top phase, which is better for protein stability; recovery in the bottom
salt phase also requires desalination if followed by an ion exchange step [5].
2.4. Protein quantiﬁcation
Protein quantiﬁcation in the saline and polymeric phases was conducted using a
A¨KTA Puriﬁer1 10/100 chromatography system (Amersham Pharmacia Biotech,
Uppsala, Sweden). The eluent wasmonitored by UV absorption (UV-900) at 205 nm
and conductivitymeasurements in a ﬂow cell (pH/C-900). Sampleswere injected by
means of a 50ml loop. The used column was a Superdex1 75 HR 10/30 (Pharmacia
Biotech, Uppsala, Sweden) and the mobile phase was a 0.1 M sodium phosphate
monobasic, 0.1 M sodium phosphate dibasic solution at pH 6.0, with a ﬂow rate of
0.65 ml min1. Maximum pressure of the column bed was 1.78 MPa. The polymeric
phase was diluted before injection in a 2:1 (water:sample) ratio due to its high
viscosity.
3. Results and discussion
3.1. Effect of sodium chloride addition and pH on protein partitioning
The ATPS formed by 14.0% (w/w) PEG1500 and 14.9% (w/w)
sodium citrate was used to investigate the effect of the addition of
sodium chloride (NaCl) and pH on the partitioning and recovery of
GMP. The partition experiments were carried out at different pH
values (6.0, 7.0, and 8.0) and NaCl concentrations (0.0, 0.1, and
0.5 M). The results are shown in Fig. 1. pH values between 4 and 5
[1] were chosen so that the aqueous phase was neither too acidic
nor too basic. This is important since very acidic or basic solutions
cannot be discharged in the environment without further
treatment.
The partition coefﬁcients of GMP in the systemswithout NaCl at
pH values of 6.0, 7.0, and 8.0 are 5.7, 7.6 and 8.8, respectively,
showing that by increasing the pH from 6 to 8, a better partitioningof the protein in the top phase (PEG rich phase) was achieved. This
increase in the partition coefﬁcient value may be due to
hydrophobic interaction and net charge effects. According to
Mikkelsen et al. [2], the sequence-derived molar mass (MM) of
GMP is 6.7 kDa, previous studies suggesting that GMP forms
aggregates and that aggregation occurs at pH values greater than
4.5. Kawasaki et al. [12] reported a GMP pH-dependent associa-
tion/dissociation. At pH 7.0, the apparent molar mass of GMP
ranged from 20 to 50 kDa but at pH 3.5 it ranged from 10 to 30 kDa.
Mikkelsen et al. [2] veriﬁed that tetrameric forms (MM above
35 kDa, determined from size exclusion chromatography (SEC)
fractions) of GMP were signiﬁcantly more hydrophobic than the
dimeric and monomeric forms. Moreover, proteins with large
hydrophobic surface areas exposed to a solvent have the possibility
of interacting with PEG [13]. Consequently, this hydrophobic
interaction between PEG and GMP when pH values increase is the
factor that drives the GMP partition to the PEG rich phase, which is
more hydrophobic than the salt rich phase [14,15].
It is known that salt concentration alters protein partition in
aqueous two-phase systems. To obtain a more complete char-
acterization of protein partition, the effect of sodium chloride
addition to the system at two concentrations (0.1 and 0.5 M) was
measured at pH values of 6.0, 7.0 and 8.0. From Fig. 1, a decrease in
the partition coefﬁcientwith the increase of the NaCl content in the
system is shown. The partition coefﬁcient at pH 8.0 decreases from
8.8 (in the absence of salt) to 2.4 when a 0.5 M NaCl concentration
is used. Similar behavior was veriﬁed for pH values of 6.0 and 7.0.
The occurrence of this effect may be due to an increase in protein
solubility as a result of the addition of neutral electrolytes, e.g.
NaCl, at a concentration in the order of 0.1–1.0 M; the increased net
charge of the protein due to the binding of the ion should increase
the electrostatic free energy of the protein and the resulting
repulsive forces lead to the decrease in the stability of the protein
[16,17]. This electrostatic repulsive force should also prevent
protein association or aggregation; in other words, it should
increase the solubility of the GMP in the system which is fully in
agreement with the known protein salting-in property of NaCl.
Thus, we suggest a dissociation of the GMP tetrameric form with
the increase of the NaCl content in the system. In addition, the
original monomeric form of GMP is highly acidic and hydrophilic
[1] and consequently, the afﬁnity between GMP and PEG is lower
and a decrease in the Kp values is veriﬁed. According to the results,
the ATPS formed by 14.0% (w/w) PEG1500 and 14.9% (w/w) sodium
citrate systems, at pH 8.0 and without the addition of NaCl, was
Table 1
Top phase recovery and partition coefﬁcients for GMP in PEG–sodium citrate (SC) ATPS at pH 8.0.
Temperature Phase composition (%, w/w) TLL STL Kp y (%)
25 8C 14.00% PEG1500–14.89% SC 24.08 1.50 8.82  0.12 85.60  0.28
14.25% PEG1500–17.23% SC 32.31 1.43 15.60  0.13 90.76  0.08
15.00% PEG1500–19.25% SC 34.60 1.38 29.74  0.35 94.31  0.06
14.00% PEG2000–14.53% SC 22.00 1.65 5.16  0.07 81.07  0.26
14.25% PEG2000–16.21% SC 26.90 1.57 6.09  0.19 86.52  0.05
15.00% PEG2000–17.40% SC 31.20 1.55 8.86  0.01 86.66  0.05
14.00% PEG4000–14.85% SC 35.52 1.77 2.31  0.29 60.01  2.99
14.25% PEG4000–16.81% SC 38.13 1.64 4.14  0.46 72.07  2.40
15.00% PEG4000–18.36% SC 43.17 1.68 5.01  0.35 73.27  1.39
35 8C 14.00% PEG1500–14.52% SC 26.57 1.53 8.56  0.49 85.92  0.72
14.25% PEG1500–16.62% SC 31.27 1.49 18.39  0.86 91.51  0.37
15.00% PEG1500–18.79% SC 36.60 1.41 24.66  0.75 93.55  0.27
14.00% PEG2000–11.92% SC 18.37 2.04 2.89  0.02 69.12  0.03
14.25% PEG2000–13.62% SC 25.04 1.85 5.17  0.18 77.93  0.74
15.00% PEG2000–15.04% SC 30.36 1.81 9.44  0.09 83.92  0.45
14.00% PEG4000–14.98% SC 37.99 1.88 2.19  0.07 59.80  0.71
14.25% PEG4000–17.24% SC 41.92 1.78 4.96  0.31 74.33  3.04
15.00% PEG4000–18.65% SC 44.04 1.64 5.54  0.14 76.30  1.13
45 8C 14.00% PEG1500–14.93% SC 27.93 1.54 10.99  0.40 87.77  1.40
14.25% PEG1500–16.77% SC 30.54 1.48 20.60  0.50 91.25  0.21
15.00% PEG1500–18.91% SC 34.96 1.46 33.41  0.10 94.66  0.03
14.00% PEG2000–11.40% SC 25.40 2.20 3.08  0.30 65.07  2.25
14.25% PEG2000–12.68% SC 29.81 2.10 3.71  0.30 68.04  2.16
15.00% PEG2000–13.59% SC 35.46 2.05 5.70  0.08 76.83  0.26
14.00% PEG4000–14.87% SC 39.32 1.93 2.05  0.18 54.52  2.17
14.25% PEG4000–16.42% SC 42.84 1.89 3.47  0.04 65.02  0.32
15.00% PEG4000–18.95% SC 44.61 1.71 6.77  0.13 78.65  0.32
TLL: tie line length expressed as a percentage (w/w); STL: slope of the tie line; Kp: GMP partition coefﬁcient; y: theoretical recovery in the top phase.
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yield of the extraction in the ATPS was 85.6%.
3.2. Inﬂuence of PEG molar mass, tie line length and temperature on
protein partitioning
Table 1 shows the effect of the tie line length (TLL), PEG molar
mass and temperature on GMP partitioning at pH 8.0, without the
addition of NaCl. The results indicate that the system studied is
slightly inﬂuenced by the PEG molar mass. The effect of polymer
molar mass is usually attributed to the excluded volume effects
that increase with increasing polymer molar mass. According to
this theory, the increase in the molar mass of PEG induces a
reduction of the protein solubility in the phase inwhich the protein
is located [18–21]. A decrease in the partition coefﬁcients with the
increase of the PEG molar mass was expected and veriﬁed by the
obtained results. However, it is important to keep in mind that by
changing the polymer molar mass, one needs to alter the polymer
and salt concentration as well. Consequently, the effect of the tie
line length on the partition coefﬁcients of GMP should also be
analyzed.
From Table 1, it can be observed that the partitioning of GMP in
PEG–sodium citrate systems is dependent on the TLL. When the
TLL is increased an increase in the Kp values for studied PEGsmolar
mass was observed. This effect of TLL on a protein can be due to a
ﬁne balance between two factors: the high ionic strength created
by the increase in salt concentration, which improves the
movement of the protein to the PEG rich phase as a consequence
of electrostatic repulsion effects [22] and the PEG–GMP binding
through the hydrophobic surface of the protein exposed to the
solvent [2].
Obtained results indicate that changes in temperature are
capable of increasing the partition coefﬁcient of GMP. Aiming to
analyze temperature’s effect on the Kp, the slope of the tie line (STL)
concept was applied. The STL explains the effect of the operational
conditions on system composition. When the temperature
increases, the slope of the tie line (STL) tends to increase, reducingthe amount of salt needed to form a biphasic system with a
given amount of PEG [10]. For a given system composition, tie
line length increases with increasing temperature as well as
with increasing STL (Table 1). Thus, the effect of increasing
temperature in an ATPS may be considered similar to increasing
tie line length [23]. Moreover, PEG is a molecule for which each
ethylene group in its structure interacts with 14 water
molecules being the ordered water formation very sensitive
to temperature changes. A temperature increase causes the
water molecules to lose their order near the hydrophobic
polymer surface, which may improve the protein–PEG interac-
tion and increase the Kp values [24].
4. Conclusions
The GMP partitioning behavior in PEG/citrate ATPS can be
controlled by an adequate selection of the systemproperties. It was
veriﬁed that the GMP partitioning can be inﬂuenced by several
factors, including PEG molar mass, TLL, temperature and pH. The
ATPS composed of 15.0% (w/w) PEG1500 + 18.9% (w/w) sodium
citrate, at pH 8.0 and without the addition of NaCl, showed to have
the best capability of recovering GMP. In this system, the GMP
partition coefﬁcientwas 33.4 and its recoverywas of 95% in the top
phase. Moreover, the results show that GMP is obtained in the PEG
rich phase, where the prevalent non-protein contaminants are PEG
and a small amount of sodium citrate (a biodegradable and
nontoxic salt), which can be removed from the target protein by
means of size exclusion chromatography. This study has clearly
shown that ATPS can be successfully used for the recovery and
initial puriﬁcation of GMP.
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